Calcium phosphate ceramics with various Ca/P ratios of 1, 2, 3, 4 and 8 were synthesized via sol-gel route. The effects of Ca/P molar ratio on structural, morphological and dielectric properties were investigated in detail using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy and dielectric measurements. The Ca/P molar ratio significantly affects the crystal structure and phase composition. The crystallite size, lattice parameters and volume of the unit cell were remarkably affected by the change in the Ca/P molar ratio. The microstructure is changed with increasing the Ca/P molar ratio. The relative permittivity and alternating current conductivity gradually decrease for the samples having the Ca/P ratios higher than 2. The dielectric loss decreases gradually with the increase of the molar ratio of Ca/P.
INTRODUCTION


Undoubtedly calcium phosphate (CaP) ceramics are one of the most important materials used in biotechnology and medical fields as bone substitutes due to their excellent biocompatibilities and similar compositions to bone mineral. The CaPs are classified as hydroxyapatite (HAp, Ca10(PO4)6(OH)2), tricalcium phosphate (TCP, Ca3(PO4)2), tetracalcium phosphate (TTCP, Ca4(PO4)2O), octacalcium phosphate (OCP, Ca8H2(PO4)6.5H2O), amorphous calcium phosphate (ACP) and biphasic calcium phosphate (BCP) [1 -8] . The Ca/P molar ratio affects the solubility and crystal structure of the CaPs. Namely, the Ca/P molar ratios and solubility of the CaPs are 1.67 and poor for HAp, 1.50 and fair for TCP, 1.15 -1.67 and high for ACP, 1.50 -1.67 and variable depending on the TCP/HAp ratio for BCP [9, 10] . In addition, these compounds are light in weight, chemically stable and resisting to pH changes, microbial attacks and solvent conditions [11] .
In the present study, we synthesized five CaP ceramics with different Ca/P molar ratio of 1, 2, 3, 4 and 8 and investigated the effects of this ratio on the as-mentioned properties using the experimental analysis techniques of Xray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy and dielectric measurements. Hence, we tried to determine the advantages and/or disadvantages of the as-synthesized samples.
EXPERIMENTAL
All the chemicals used in the synthesis of the calcium phosphates were obtained from Merck and used as received without any purification. Five calcium phosphate  Corresponding author. Tel: +90 424 2370000/3623; fax: +90
4242330062. E-mail address: okaygili@firat.edu.tr (O. Kaygili) ceramic samples with the Ca/P molar ratio of 1, 2, 3, 4 and 8 were synthesized by sol-gel method and referred as CP1, CP2, CP3, CP4 and CP8, respectively. Appropriate amounts of calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, CN) and diammonium hydrogen phosphate (NH4)2HPO4, DAP) were dissolved in distilled water in different beakers. The DAP solution was added drop wise to the CN solution. The new opaque solution was observed and then mixed at 90 °C until the gel formation. The gel was dried in an oven at 160 °C for 36 h and heated in an electric furnace at 700 °C for 1.5 h. The white calcium phosphate powders were observed.
The X-ray diffraction (XRD) analyses were performed on a Bruker D8 Advance diffractometer operated at 40 kV and 40 mA in the 2θ range from 25° to 55°. The crystallite size (D) is estimated by the well-known Scherrer equation [12] :
where λ is the X-ray wavelength, β is the full width at half maximum (FWHM) and θ is known as the Bragg angle. Using the inter-planar spacing (d) values, the lattice parameters (a and c) and volume of the unit cell (V) are calculated from the following relations for tetragonal and hexagonal crystal systems, respectively. 
Fourier transform infrared (FTIR) spectra were collected in the interval of 450 -4000 cm -1 within a spectral resolution of 4 cm -1 using the KBr pellet method. The morphology was investigated using a JEOL JSM 7001F scanning electron microscope (SEM) and the elemental compositions of the investigated areas were determined by an energy dispersive X-ray (EDX) analyzer (Oxford Instruments Inca 350). Dielectric studies were carried out by a HIOKI 3532-50 LCR meter at room temperature. Using the following relations, the relative permittivity ( '  ), dielectric loss ( "  ) and alternating current conductivity (σac) values of the samples were estimated [13, 14] :
where o  is the permittivity of free space, A is the area of the electrode and C and l are the capacitance and thickness of the sample, respectively.
 tan is the loss tangent and Z is the impedance. To understand the conductivity mechanism, in more detail, the following Jonscher relation is used [15] :
where σdc is the direct current conductivity, B is a constant and ω is the angular frequency, s is an exponent and estimated from the slope of logσac vs. logω plot.
RESULTS AND DISCUSSION
XRD patterns of the calcium phosphate samples shown in Fig. 1 exhibit the significant changes with varying Ca/P molar ratios. As expected, the crystal structure and phase composition were affected by the Ca/P molar ratio. For CP1, the calcium phosphate (Ca2P2O7, JCPDS no: 71 -2123) having the tetragonal crystal structure without any secondary phase was detected. At higher Ca/P molar ratios ranging from 2 to 4, the formation of the dominant phase of hydroxyapatite (HAp, Ca10(PO4)6(OH)2, JCPDS no: 09 -0432) having the hexagonal crystal structure was observed together with the minor phase of calcium oxide (CaO, JCPDS no: 37 -1497) having the cubic crystal system. While the characteristic peaks belonging to (002), (112) and (300) planes of HAp phase were observed at 26.06, 31.98 and 33.08° for CP2, these peaks were detected at 25.92, 31.82 and 32.98° for CP3. A significant shift in the as-mentioned characteristic peaks occurs with increasing Ca/P ratio from 2 to 3. For CP8, while the calcium hydroxide (Ca(OH)2, JCPDS no: 81 -2040) with the hexagonal crystal structure is the major phase, the HAp is observed as the secondary one. Compared to the stoichiometric value of 1.67, the formation of the HAp phase at Ca/P higher molar ratios does not a surprising result. This result supports the reported results related to the formation of the HAp phase synthesized at different Ca/P ratio ranging from 3/2 to 10/3 by Pham et al. [16] .
The calculated values of the crystallite size (D), lattice parameters (a and c) and volume of the unit cell are given in Table 1 and the change of these parameters as a function of the Ca/P molar ratio are plotted in Fig. 2 . All the above mentioned parameters are significantly affected by the Ca/P molar ratio. This may be attributed to the phase composition, namely, while the change in these parameters is a very small for the samples with a similar phase composition, the change in the as mentioned parameters except for the crystallite size of CP1 is extremely great for the samples having dissimilar phase composition. 
Intensity, a.u. As can be seen from the SEM images shown in Fig. 4 , the morphology of the samples varies with increasing molar ratio of Ca to P. As expected, Ca amount increases and P content decreases with the increase of the Ca/P molar ratio. The theoretical values of the Ca/P ratios are 1, 2, 3, 4 and 8 and their experimental values detected from EDX analyses are 1.08, 1.96, 2.82, 4.19 and 7.69 for CP1, CP2, CP3, CP4 and CP8, respectively. The theoretical and the experimental values are very close to each other namely the EDX results confirm the formation of the calcium phosphates with the desired molar ratio of Ca/P.
The plots of the relative permittivity as a function of frequency of the samples are illustrated in Fig. 5 .  values of CP3, CP4 and CP8 are around 16.5, 11.5 and 10.5, respectively. While the graphs of the relative permittivity vs. frequency of CP1 and CP2 are very similar to the reported plot belonging to the dry tibia [19] , the frequency dependence of the relative permittivity of CP4 and CP8 is so close to the femur [20] . Moreover, the plots of the relative permittivity as a function of frequency of CP3, CP4 and CP8 are in a good harmony with human cortical bone having different hydration values [21] . At the Ca/P molar ratios greater than 2, the relative permittivity significantly decreases with increasing amount of Ca. Fig. 6 shows the dielectric loss vs. frequency plots of the samples. For all the samples, the dielectric loss changes with increasing frequency and the maximum dielectric loss are observed at about 4.5 MHz. Moreover, the dielectric loss significantly decreases with increasing Ca/P ratio. Additionally, the relaxation time (τo) values were calculated to be 34.47, 34.39, 34.39, 34.32 and 34.39 ns for CP1, CP2, CP3, CP4 and CP8, respectively. Namely, it did not observe any remarkable change in the relaxation times. The alternating current conductivity (ac) vs.
frequency graphs are plotted in Fig. 7 . The ac values of the samples linearly increase with increasing frequency and affected by the change in the Ca/P molar ratio. Although the changes in the alternating current conductivity of CP1 and CP2 are almost close to each other, the ac values gradually decrease with increasing of the Ca/P molar ratio. According to Nagai and Nishino, the change in the alternating current conductivity of the samples at room temperature may be associated to the migration of H + in adsorbed water [22, 23] . The calculated values of s were found to be 0.965, 0.966, 0.994, 0.995 and 0.981 for CP1, CP2, CP3, CP4 and CP8, respectively. Except for CP8, the s value gradually increases with the increase of the Ca/P molar ratio.
Furthermore, all the calculated s parameters are smaller than the value of 1. This result reveals that the ionic hopping conductivity is responsible for the conductivity mechanisms of the samples [24] . As can be understood from the above mentioned results, the phase composition affects the dielectric properties [25, 26] .
CONCLUSIONS
The samples with different Ca/P ratio were synthesized using sol-gel route. The effects of the change in the Ca/P ratio on structural, morphological and dielectric properties of the samples were investigated. As a result of these processes, it has been reached the following conclusions. While the calcium phosphate (Ca2P2O7) phase having tetragonal crystal structure is dominant for the lowest Ca/P ratio, the major phase of calcium hydroxide (Ca(OH)2) with hexagonal crystal structure are detected for the highest Ca/P ratio. Hydroxyapatite (Ca10(PO4)6(OH)2) with hexagonal crystal structure is the main crystalline phase for the Ca/P molar ratio of 2, 3 and 4. The calculated values of the crystallite size, lattice parameters and volume of the unit cell are significantly affected by the Ca/P ratio. The FTIR spectra support the XRD results. The morphologies of the samples, as expected, vary with the increasing Ca/P ratio. The values of the relative permittivity, dielectric loss and alternating current conductivity are remarkably affected by the molar ratio of Ca/P ranging from 1 to 8.
